A common human experience is noticing that emotional life events are more vividly remembered than dull ones. Studies show that the amygdala plays a central role in such emotionally driven enhancement of memory. With this in mind, we investigated the effect of electrical brain stimulation of the left human amygdala on performance on an emotional perception and emotional memory task. We randomly applied sub-threshold 50 Hz stimulation to the left amygdala in 10 patients (5 female and 5 male) with intracranial electrodes during the encoding portion of an emotional valence perception and emotional memory task. We found that amygdala stimulation did not affect reported valence for neutral stimuli (non-stimulated group average valence 5.34, stimulated 5.38, p=0.68) but it did affect positively (non-stimulated group average valence 7.31, stimulated 6.70, p=0.004) and negatively (non-stimulated group average valence 2.79, stimulated 3.55, p=0.0002) valenced stimuli in effect reporting both valence categories as more neutral. Furthermore, we found that stimulation did not significantly disrupt memory for neutral stimuli (68% vs. 61% correctly remembered p=0.48) or positive stimuli (87% vs. 70% correct, trend towards significant difference p=0.09) but did for negative stimuli (83% vs. 67% correct, p=0.03). These results suggest that electrical brain stimulation by our parameters likely reversibly inhibits amygdala function disrupting neural networks responsible for emotional perception and memory. This effect may have clinical implications in treatment of certain neuropsychiatric disorders, such as emotional dysregulation and post-traumatic stress disorder.
about by direct electrical stimulation of the amygdala on perception of emotional valence and emotional memory. The results provide further evidence on the importance of the amygdala in human cognition. Likewise, out method utilized to study the function of the amygdala can be extended to study the function of other brain regions in humans, such as the cingulate. While these results are preliminary and need to be duplicated, we aim to further study the effects of amygdala stimulation on emotional processing including possible therapeutic application for diverse group of neuropsychiatric conditions.
Introduction.
Current evidence supports the view that the human amygdala plays a dual role in processing of both emotion and of memory. With regards to emotion, multiple human functional studies clearly show that the amygdala preferentially activates during perception of stimuli with emotional content (Garavan et al. 2001; Salzman and Fusi 2010; Phelps and LeDoux 2005; Hariri et al. 2002; Sergerie, Chochol, and Armony 2008; Ball et al. 2009; Canli et al. 2000) . In addition, studies in patients with destructive amygdala lesions show impairment in perception of emotional stimuli, especially negatively valenced stimuli depicting fear (Anderson and Phelps 2001; Phelps et al. 1998; LaBar and Phelps 1998; Adolphs et al. 1997) . With regards to memory, current evidence suggests that interactions between the amygdala, the hippocampus, and the entorhinal cortex are the main mechanisms behind emotional memory, i.e. the fact that certain emotional life events are remembered better than non-emotional ones (LaBar and Cabeza 2006; Hamann et al. 1999; Canli et al. 2000; Kilpatrick and Cahill 2003; Kensinger and Corkin 2004; Sergerie, Lepage, and Armony 2006; Richardson, Strange, and Dolan 2004; Phelps 2004) .
These findings are supported by human lesional studies which show that patients with damaged amygdala have normal long-term declarative memory with only an absence of the expected enhancement of memory by emotion (Cahill et al. 1995; Adolphs et al. 1997; Anderson and Phelps 2001 ).
An important source of evidence for the function of the human amygdala has come from studies using intracranial EEG and electrical brain stimulation (EBS) . Such studies have most commonly been performed in patients undergoing evaluation for epilepsy surgery. Numerous investigators have reported recordings from electrodes inserted directly into the amygdala of event related potentials (ERPs) to emotional stimuli, especially emotional faces (Krolak-Salmon et al. 2004; Pourtois et al. 2010; Sato et al. 2011; Guillory and Bujarski 2014; Halgren et al. 1978; Oya et al. 2002) . Furthermore, EBS studies of the amygdala show that both positively (Smith et al. 2006; Meletti et al. 2006; Lanteaume et al. 2007 ) and negatively (Oya et al. 2002; Naccache et al. 2005; Meletti et al. 2005; Lanteaume et al. 2007 ) valenced subjective emotional experiences can be induced by amygdala stimulation.
More recently, several investigators have reported effects of amygdala stimulation on perception of emotional intensity and of memory. Bijanki et al. studied a single patient with intracranial electrodes located in the right amygdala and found that stimulation enhanced positive valence during viewing of faces, i.e. the subject perceived faces more positively when stimulation was applied as compared when it was off (Bijanki et al. 2014) . Second, Inman et al. reported in fourteen patients that stimulation of the amygdala during perception of neutral stimuli enhanced subsequent delayed memory for the stimuli (Inman et al. 2018) . The investigators postulated that stimulation induced interactions between the amygdala, hippocampus, and entorhinal cortex. In Stimulation paradigm. Initial portion of the experiment involved identifying the optimal stimulation intensity for each patient individually. Starting at 1.0 mA, the chosen electrodes were stimulated in bipolar fashion for 2 seconds observing for electrographic seizures, clinical seizures, and asking the patient to report any subjective symptoms. Duration of 2 seconds was used because this was the duration of picture presentation in the encoding task. If no electrographic seizures, symptoms, or clinical seizures occurred, stimulation intensity was increased stepwise by 1 mA up until either afterdischarges were seen, subjective symptoms were reported by the patient, electrographic seizures occurred (i.e. afterdischarges), or the maximum of 5 mA stimulation intensity was reached. Stimulation intensity was chosen for each patient individually based on 80% of afterdischarge threshold or maximum of 5 mA.
Task administration.
A laptop computer running SuperLab 5 (Cedrus 2015) was connected to a 19.5 inch display monitor which was viewed by the patient at a distance of approximately 3 feet. The subject was given a separate numerical key pad for providing responses. The laptop computer was connected to StimTracker which provided a TTL pulse for triggering the Grass S12X stimulator (FDA approved for clinical use) and separately placing stimulus markers on the EEG. Neuroworks software was used for EEG recording and for electrode selection for stimulation.
For Part 1 -Encoding, the encoding picture set (48 pictures) was presented using SuperLab randomization settings (i.e. by randomization of presented trials in each block). Furthermore, in a random order, 50% of the encoding pictures received electrical stimulation (i.e. by random assignment of "stimulate" or "not stimulate" to each trial). Stimulation of the amygdala was time-locked to the presentation of each picture lasting 2 seconds (same duration as the picture was presented on the screen). Time between presentations of each picture in the encoding task was 10 seconds (i.e. the inter-trial interval).
Part 2 -Delayed Recognition was presented approximately 30 minutes following the initial Part 1 -Encoding. The delay of 30 minutes (as opposed to longer durations such as 24 hours) was chosen between Part 1 and Part 2 for several reasons. First, these patients are apt to experience spontaneous seizures. We aimed to minimize the occurrence of seizures between the two parts of the experiment as seizures can affect cognitive processing and introduce a variable into the results. Second, access to patients with intracranial electrodes in the left amygdala agreeing to participate in research is limited; loss of patients due to inability to perform second portion of the task days later may have limited enrollment. In this part, 144 pictures were presented in random order, 48 from Part 1 -Encoding, and 96 foils. Each picture was presented for 2 seconds and afterwards the patient was asked if they had seen the picture in the initial encoding part 30 minutes earlier.
Patient response data was saved as text files directly from SuperLab and exported to Excel for analysis. For Part 1 -Encoding, each subject's valence judgments for stimulated and unstimulated pictures were recorded. For Part 2 -Delayed Recognition, each subject's true positives for stimulated and unstimulated were recorded. Data analysis. Data for analysis was exported from SuperLab to Excel for analysis. For Part 1 -Encoding, the results of valence judgments for each picture for all 10 patients was separated into stimulated and unstimulated category. For example, for Patient 1, valence judgments for 24 pictures which received stimulation were given "YES_STIM" category and the rest "NO_STIM". The same was repeated for Patient 2-10. The exact picture which received stimulation was randomly generated; therefore Patient 2 did not receive stimulation for the same and unstimulated across all 10 patients was calculated. Pictures were grouped into valence categories as per original picture selection (see picture selection in Methods above). Average valence for stimulated and unstimulated pictures in neutral, positive, and negative categories was calculated and compared using two-tailed T-test and shown in Figure 3B .
For Part 2 -Delayed Recognition, proportion of true positives was identified for each patient.
For example, for Patient 1, of the 144 pictures shown (96 foils and 48 true positives from Part 1 -Encoding) the number of pictures which were correctly identified as having been seen 30 minutes prior was determined and separated per stimulation status ("YES_STIM" vs.
"NO_STIM") and be emotion category (neutral, positive, and negative). Same was done for Patient 2-10. Subsequently, average true positives per emotion category and stimulation status was determined and difference between "YES-STIM" and "NO_STIM" calculated using twotailed T-test.
Results. 10 consecutive patients who met inclusion criteria are were enrolled into the study.
Demographics are shown in Table 1 . Patients included men and women of differing epilepsy diagnosis with IQ ranging from 84 to 107 and a variety of seizure onset zones including temporal lobe epilepsy, occipital lobe epilepsy, and frontal lobe epilepsy.
Location of the stimulation electrode pairs are shown in Figure 2 . For most patients, both stimulating electrode pairs were within the amygdala, although for several patients one of the electrodes was within the amygdala, while the second was outside of the structure (patients 1, 2, 4). Furthermore, for most patients both electrode pairs were within the basolateral amygdala (patients 1,2,3,4,7,8,9) , one patient had contacts in the basolateral and central nuclei (patient 6) and two patients had contacts in the accessory basal nucleus and the corticoamygdaloid transition (patient 5 and 10).
Results of obtaining the optimal amplitude for stimulation are shown in Table 2 . In most patients, brief self-limited electrographic seizures or "afterdischarges" were eventually seen with stimulation and the amplitude was reduced to 80% of the "afterdischarge threshold". Such afterdischarges are common occurrence during functional mapping procedures for clinical applications. The average afterdischarge threshold was 3.4 mA (about 17 microcoulombs per square centimeter of brain tissue) and ranged between 2-5 mA (range of 11.9-29.8 microcoulombs per square centimeter of brain tissue). Two patients self-reported subjective feeling of "nausea" during an afterdischarge (patient 3 and 9). This subjective feeling spontaneously resolved in both patients and was approximately 20 seconds in duration. The EEG in both patients showed a non-evolving rhythmic discharge in theta range which selfterminated about 10 seconds following the end of stimulation. Two patients experienced focal seizures during this part of the experiment (patient 1 and patient 7). Both times, the semiology or clinical manifestations of the seizures mimicked the patient's own seizure semiology and were obtained ipsilateral to the patient's own seizures focus. There were no adverse effects of the seizures. Similar to afterdischarges, the occurrence of seizures is common occurrence during stimulation-based functional mapping for clinical applications. The study was successfully completed in both patients who experienced seizures approximately one day later at lower stimulation intensities. Final stimulation parameters did not produce any electrographic seizures or self-reported subjective symptoms by patients during stimulation (see Table 2 ). Stimulation did not have any significant effect on judgment of emotion valence intensity for pictures in the neutral category (non-stimulated group average valence 5.34, stimulated 5.38, p=0.68). In the positive category, stimulation induced an average decline in reported valence towards neutral (non-stimulated group average valence 7.31, stimulated 6.70, p=0.004). In the negative valence category, stimulation induced an average increase in reported valence towards neutral (non-stimulated group average valence 2.79, stimulated 3.55, p=0.0002). if stimulation was used. The percentage correctly identified was lower, although the difference was not significant (p=0.48). For positively valenced stimuli, 87% of non-stimulated pictures were correctly identified after 30 minutes, where as 70% if stimulation was used, the difference showed a trend towards significant difference (p=0.09). For negative stimuli, 83% of nonstimulated pictures were correctly identified after 30 minutes, compared to 67% if stimulation was applied, the difference was significant (p=0.03).
Discussion. This study had two main findings. First, this study demonstrates that subthreshold (i.e. below afterdischarge threshold and below production of subjective symptoms) 50 Hz unilateral stimulation of the left amygdala reduces perceived emotional intensity for both positively and negatively valenced stimuli with no effect for neutral stimuli. Second, such stimulation during the encoding phase of an emotional memory task as described above has no significant effect on delayed recall of neutrally valenced items, but has significant effect of decreasing memory for emotionally valenced stimuli, especially ones which are negatively valenced. The effects of stimulation on behavior described above are akin to effects of destructive amygdala lesions are likely related to stimulation-induced inhibition of amygdala function and the consequences of such inhibition on neural networks important for perception of emotional valence and emotional memory. Furthermore, non-human animal studies have shown that high-frequency EBS of the basolateral nucleus of the amygdala impairs consolidation of emotional memory and fear learning (Goddard 1964; Kesner and Wilburn 1974; Frey et al. 2001; Gold et al. 1975; Maren 1999; McIntyre et al. 2003; Barsegyan, McGaugh, and Roozendaal 2014) Although there is no uniformity in findings, the left amygdala is more likely to activate during emotional tasks as compared to the right (Baas, Aleman, and Kahn 2004). Furthermore, the left amygdala may respond better during positively valenced tasks whereas the right amygdala in negatively valenced ones (Ball et al. 2009 ). The results of the current study provide evidence that the left amygdala functions during perception of both negative and positive emotional valence.
Many limitations and threats to validity need to be considered. A major limitation of this study are the conclusions which can be reached from electrical brain stimulation. As is common to all stimulation studies, the exact extent of brain tissue affected by stimulation is not known. We have not way to tell if stimulation acted only on the amygdala alone or also on neighboring structures such as the hippocampus, or even distant cerebral networks. Second, we did not assess baseline emotional perception and emotional memory in our cohort. Several studies have found abnormal emotional memory in patients with epilepsy (Munera et al. 2015; Machado Lde, Frank, and Tomaz 2010) . Moreover, we do not know the baseline functional status of the amygdala which was stimulated and of the contralateral amygdala to the site of stimulation (i.e. the right amygdala). Therefore, we do not know if the effect of unilateral amygdala stimulation as seen in this cohort with epilepsy would extrapolate to the normal population (i.e. external validity, whether the cause-effect relationship generalizes to the normal population).
A further limitation concerns the design of the delayed recall portion of our task. Much of animal work focused on disruption of long-term memory has used time frames of > 24 hours from encoding to recall. Our recall experiment was presented 30 minutes following encoding.
As described in the methods, this was largely done due to the concerns that seizures would occur between the encoding and recall parts of the experiment which may have introduced unacceptable variability in results or dropout. Furthermore, opportunities for testing of patients with intracranial electrodes are limited and fleeting. Because of this design difference, we are not certain how our results can generalized to other work done in this field.
Studies of amygdala stimulation may help to further understand the importance of the amygdala in human cognition. Future studies should use lower stimulation intensities, should aim to understand the differences in effect of continuous and burst stimulation on amygdala function, and should aim to understand the impact of right and left amygdala stimulation. Stimulation to modulate amygdala function in humans may have applications in some neuropsychiatric condition, such as post-traumatic stress disorder or for treatment of emotional disinhibition following traumatic brain injury (Peters, Dunlop, and Downar 2016) . At present, we do not have any information to assess safety and validity of such treatments.
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